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PROTECTIVE COOLING BY A MULTISLOT AND NETWORK-TYPE I N J E C T I O N  

I N T O  A TURBULENT BOUNDARY LAYER 

E.  P. Volchkov, S .  S.  Kuta te ladze ,  
V.  Ia.  Levchenko, and A. I. Leont’ev 

ABSTRACT 

The au tho r s  consider t h e  e f f e c t i v e n e s s  of 
a p r o t e c t i v e  cool ing  of an i n s u l a t e d  p lane  su r -  
f a c e  by gas i n j e c t i o n  i n t o  t h e  t u r b u l e n t  boundary 
l a y e r  of t h e  i n c i d e n t  flow through a system of 
s l o t s .  An a n a l y t i c a l  method i s  developed t o  
assess t h e  r e s u l t s  of such a cool ing  technique ,  
t ak ing  t h e  dimensionless temperature of t h e  su r -  
f a c e  as t h e  measure of its e f f e c t i v e n e s s .  

An a n a l y t i c a l  method i s  proposed f o r  t h e  c a l c u l a t i o n  of t h e  e f f e c t i v e -  
nes s  of a p r o t e c t i v e  cool ing  of a plane hea t - in su la t ed  w a l l  by m u l t i s l o t  
and network-type i n j e c t i o n  of a cooling gas.  The dimensionless temperature 
of t h e  hea t - in su la t ed  w a l l  is taken t o  be  t h e  measure of t h e  e f f e c t i v e n e s s  
of t h e  h e a t  p r o t e c t i o n .  

-- /149* 

Apparently,  t h e  p i c t u r e  of flow i n  t h e  boundary l a y e r  f o r  t h e  cases 
examined appears  t o  be  more complex than du r ing  i n j e c t i o n  of a coo lan t  
through a s i n g l e  s l o t .  However, i t  seems f e a s i b l e  t o  extend t o  t h e  cases 
examined t h e  c a l c u l a t i n g  procedures proposed i n  t h e  works [1 ,2 ] .  

L e t  us  i n v e s t i g a t e  a homogeneous t u r b u l e n t  boundary l a y e r  of gas wi th  
cons t an t  p h y s i c a l  p r o p e r t i e s  i n  a prescr ibed  range of temperatures.  A 
stream of gas wi th  t h e  temperature T ( O K )  and t h e  v e l o c i t y  w (m/sec) flows 

around t h e  s u r f a c e  (Fig.  1 , a ) .  The cool ing  gas i s  i n j e c t e d  through s e v e r a l  
s e q u e n t i a l  s l o t s  of a width sl, ..., s 

and a v e l o c i t y  wl, ..., w 

of each s l o t  t h e r e  i s  a r eg ion  xl, ..., x i n  which t h e  w a l l  temperature i s  

cons t an t  and is  equal  t o  the  temperature of t h e  i n j e c t e d  gas. The l e n g t h  of 
t h i s  r e g i o n  may be  found i n  t h e  f i r s t  approximation by u t i l i z i n g  t h e  w e l l -  
known formulas f o r  submerged flows [3] .  

0 q 

5 Tn 9 
(m) wi th  a temperature T1, ..., n 

r e spec t ive ly .  Immediately behind t h e  c r o s s  s e c t i o n  n’ 

n’ 

There  i s  no h e a t  exchange through the w a l l ,  and t h e  w a l l  temperature 

*Numbers given i n  t h e  margin i n d i c a t e  pag ina t ion  i n  o r i g i n a l  f o r e i g n  t e x t  
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i s  a func t ion  of t h e  x coord ina te .  The w a l l  temperature  behind t h e  f i r s t  s l o t  
may be  found by c a l c u l a t i n g  s i n g l e - s l o t  cool ing ,  as, f o r  example, i n  t h e  works 
[ 1 , 2 ] .  The problem c o n s i s t s  of determining T * behind t h e  second, t h i r d ,  and 

s o  f o r t h  s l o t s .  I n  o rde r  t o  achieve t h i s ,  i t  is  necessary t o  determine t h e  
1 -  c h a r a c t e r i s t i c  parameters of t h e  boundary l a y e r s  i n  t h e  c ros s  s e c t i o n  of each 

s l o t .  

W 
I 

1. The th i ckness  of t h e  energy l o s s  i n  t h e  c ros s  s e c t i o n  of t h e  second 
s l o t  may be expressed as fol lows:  

where m is  t h e  i n j e c t i o n  parameter of t h e  second s l o t ,  and T 2* is  t h e  w a l l  

temperature  over t h e  second s l o t .  
2 W 

The i n t e g r a l  

r e p r e s e n t s  t h e  th ickness  of t h e  energy l o s s  of t h e  boundary l a y e r  over t h e  s l o t  
i n  t h e  c r o s s  s e c t i o n  of t h e  second s l o t .  I n t e g r a t i n g  t h e  equat ion  of energy of 
t h e  boundary l a y e r  from x = 0 ( t h e  c ross  s e c t i o n  of t h e  f i r s t  s l o t )  t o  x = d 
( t h e  c r o s s  s e c t i o n  of t h e  second s l o t ) ;  w i t h  \ = O  

d6 ** 6,** d ( A T )  
d r  AT d r  ( 1 . 2 )  -.L+---e=o 

w e  f i n d  t h a t  t h e  e f f e c t i v e n e s s  of t h e  p r o t e c t i o n  of t h e  w a l l  over  t h e  second 
s l o t  i s  equal  t o  

TI---* bn** -- 
T*--Ta uv-*x 

(ar,** = Wl) (1 3)  

Here 6 ** i s  t h e  th ickness  of the  energy l o s s  i n  t h e  c r o s s  s e c t i o n  of 
T 1  

t h e  f i r s t  s l o t  [ 1 , 2 ] .  Consequently, it fo l lows  from t h e  e q u a l i t i e s  (1.1) and 
(1.3) t h a t  

S i m i l a r l y ,  i t  may be  shown t h a t  t h e  th ickness  of t h e  energy l o s s  i n  t h e  
c r o s s  s e c t i o n  of t h e  t h i r d  s l o t  is expressed as fol lows ( i n  t h i s  case, the  
equat ion  of t h e  energy of t h e  boundary l a y e r  ( 1 . 2 )  is  i n t e g r a t e d  i n  t h e  seg- 
ment between t h e  second and t h e  t h i r d  s l o t s ) :  

/150 
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F i n a l l y ,  i n  t h e  c r o s s  s e c t i o n  of the n-th s l o t  

2. The th ickness  of t h e  loss of momentum i s  determined from t h e  s o l u t i o n  
t o  t h e  equat ion  f o r  momentum of t h e  boundary l a y e r ,  which f o r  nongradient  f low, 
has  t h e  form 

M 

Here R** is  t h e  Reynolds number, cons t ruc ted  i n  r e l a t i o n  t o  t h e  th i ckness  
of t h e  momentum l o s s ;  R i s  t h e  Reynolds number, cons t ruc ted  i n  r e l a t i o n  t o  

t h e  l o n g i t u d i n a l  coord ina te ;  C i f  the  l o c a l  va lue  of t h e  f r i c t i o n  c o e f f i c i e n t ;  

and S** is  t h e  th ickness  of t h e  momentum loss .  It i s  assumed, t he  same as i n  
t h e  works [ 1 , 2 ] ,  t h a t  t h e  boundary l aye r  on t h e  w a l l  developed i n t o  tu rbu len t  
f low wi th  a power v e l o c i t y  p r o f i l e .  Here, t h e  f r i c t i o n  l a w  i s  v a l i d  i n  t h e  
form 

x 

f 

I n t e g r a t i n g  Eq. (2 .1)  and tak ing  Eq. (2.2) i n t o  account on t h e  segment 
between t h e  f i r s t  and t h e  second s l o t ,  w e  o b t a i n  

(2.3) 

For the  power v e l o c i t y  p r o f i l e  with t h e  i n d i c a t o r  n = 117,  t h e  c a l c u l a t i o n s  
y i e l d  t h e  va lues :  A = 0.0128, a = 0.25. After  t ransformat ion  of t h e  e q u a l i t y  
(2 .3)  w e  have 

Here 6 ** i s  t h e  th ickness  of the  momentum loss i n  t h e  c ros s  s e c t i o n  of 
t h e  f i r s t  s l o t .  
formula (2 .4 ) ,  i s  s a t i s f a c t o r i l y  v e r i f i e d  by the  r e s u l t s  of experiments [4 ,5] .  
The th i ckness  of t h e  momentum l o s s e s  of t h e  boundary l a y e r  over t h e  s l o t  i n  t h e  
c r o s s  s e c t i o n  of t h e  second s l o t  from t h e  e q u a l i t y  (2.4) i s  

The r e l a t i o n  A = A h), cons t ruc ted  i n  F igure  2 according t o  
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Figure  1. Diagrams of t h e  
m u l t i s l o t  (a )  and network- 
type  (b) cool ing .  

F igure  2.  Var i a t ion  of t h e  th ick-  
nes s  of momentum l o s s e s  dur ing  t h e  
i n j e c t i o n  through a t a n g e t i a l  s l o t  
(w/swg 61); p o i n t s  are: l -experi-  
ments [ 4 1 ;  2-experiments [ 5 ] .  

The t o t a l  th ickness  of t he  momentum l o s s  i n  t h i s  c r o s s  s e c t i o n ,  tak ing  
i n j e c t i o n  through t h e  s l o t  i n t o  account,  i s  

The th i ckness  of t h e  momentum l o s s  i n  t h e  c r o s s  s e c t i o n  of t h e  n-th s l o t  
may b e  found i n  a s i m i l a r  manner: 

Here (60**) i s  found by progress ive  i n t e g r a t i o n  of t h e  momentum equat ion n 
i n  t h e  form of (2 .1) ,  t ak ing  i n t o  account t h e  f r i c t i o n  l a w  (2.2) on t h e  segments 
between t h e  s l o t s .  

The l o c a l  f r i c t i o n  c o e f f i c i e n t  behind t h e  n-th s l o t  from Eqs. (2.1) and 
(2.2)  w i t h  t h e  boundary condi t ion  (2.7) i s  

Here x i s  t h e  d i s t a n c e  counted off from t h e  c r o s s  s e c t i o n  of t h e  n-th n 
s l o t .  

3.  The e f f e c t i v e n e s s  of t h e  hea t  p r o t e c t i o n  i s  i n v e s t i g a t e d .  It may be  /151 
seen  from Figure  2 t h a t  t h e  l o c a l  va lue  of t h e  th i ckness  of momentum l o s s  
d i f f e r s  s u b s t a n t i a l l y  from t h e  va lue  i n  t h e  c ros s  s e c t i o n  of t h e  s l o t  only a t  

4 



l a r g e  d i s t a n c e s .  , 
I It w a s  shown [6,71 t h a t  l o c a l  v a r i a t i o n s  i n  t h e  dynamic f i e l d  of t h e  flow 
I 
I 

have only a secondary e f f e c t  on t h e  hea t  t r a n s f e r  process .  

1 -  

Figure  3 .  Curve according t o  formula (3 .6) ;  
po in t s  are: experiments [ 3 ]  with  ~ , f % < 0 3 , O < d l r < ? 8  

I n  view of the  above, an a n a l y s i s  of t h e  e f f e c t i v e n e s s  of t h e  h e a t  pro- 
t e c t i o n  i n  t h e  f i r s t  approximation may inc lude  t h e  assumption t h a t  t h e  momentum 
v a r i a t i o n  t o  t h e  n-th s l o t  proceeds only a t  t h e  expense of t he  i n j e c t i o n  
through t h e  s l o t s  ( i . e . ,  f r i c t i o n  on the w a l l  between t h e  s l o t s  t o  t h e  n-th 
s l o t  is ignored) .  

F igure  4 .  Curve according t o  formula ( 3 . 7 ) ;  
p o i n t s  are: experiments [8]  wi th  0.615 <IO, f r .<  1.53; 

.O e d I S < 78 
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Then t h e  express ion  f o r  t h e  th ickness  of momentum l o s s  i n  t h e  c r o s s  sec- 
t i o n  of t he  n-th s l o t  is s i m p l i f i e d  and may be w r i t t e n  i n  t h e  form 

W 

The formulas f o r  t h e  c a l c u l a t i o n  of t h e  e f f e c t i v e n e s s  of t h e  hea t  pro- 
t e c t i o n  of a hea t - insu la ted  w a l l  during t h e  i n j e c t i o n  through s e v e r a l  sequen- 
t i a l  s l o t s  may be obtained by t h e  employment of t h e  procedures proposed f o r  
t h e  case of i n j e c t i o n  of a coolant  through a s i n g l e  s l o t  [ 1 , 2 ] .  The d i f f e r -  
ence c o n s i s t s  only i n  t h e  determinat ion of t h e  i n i t i a l  parameters of t h e  
boundary l a y e r ;  t h e s e  are  ca l cu la t ed  i n  t h e  c ros s  s e c t i o n  of t h e  n-th s l o t  
t ak ing  i n t o  account t he  i n j e c t i o n  of the  coolan t  through a l l  t h e  preceding 
s l o t s  according t o  t h e  e q u a l i t i e s  (1 .7 )  and (3 .1) .  These q u a n t i t i e s  are 
taken i n t o  account as boundary condi t ions  dur ing  t h e  i n t e g r a t i o n  of t h e  
equat ion  of energy ( 1 . 2 )  and momentum (2.1) of t h e  boundary l a y e r  on t h e  
w a l l  behind t h e  n-th s l o t .  

Employing t h e  procedures descr ibed i n  the  l i t e r a t u r e  [ 2 ] ,  i t  may b e  /152 
shown t h a t  t h e  formulas obtained i n  t h a t  work f o r  t h e  e f f e c t i v e n e s s  of t h e  
h e a t  covering may be extended t o  t h e  case  of a m u l t i s l o t  i n j e c t i o n  of t h e  
coo lan t .  

F igure  5. Genera l iza t ion  of t h e  d a t a  on 
cool ing  of a hea t - insu la ted  w a l l  dur ing 
m u l t i s l o t  i n j e c t i o n ;  curves  1 and 2 are  
given according t o  formulas (3.6) and ( 3 . 7 ) .  
The experimental  po in ts  [ 81 wi th  o c w,  re, < 1.33, 
have t h e  same des igna t ions  as those  i n  
F igures  3 and 4 .  

According t o  t h e  work [ 2 ] ,  f o r  the power v e l o c i t y  p r o f i l e  wi th  n = 1 / 7 ,  



w e  o b t a i n  

** u s  ** 0.101 0.8 ** U.1 

e=[(%) 4, (+) - i ]  (+) 

Henceforth,  w e  s h a l l  assume f o r  the sake of s i m p l i c i t y  t h a t  

Then, from ( 1 . 7 )  and (3.1) w e  have 

.* 6,, = nmt, = nmr 

Under t h e s e  cond i t ions ,  t h e  e q u a l i t y ( 3 . 2 )  may be  transformed t o  

(3 .2)  

(3.3) 

(3.4) 

From express ion  (3.5) t h e  following i n t e r p o l a t i o n  formulas are obta ined  
f o r  l i m i t i n g  cases :  

A comparison of t he  r e l a t i o n  0 = 0 ( K ) ,  cons t ruc t ed  according t o  formulas 
(3.6) and (3.7) ,  wi th  t h e  r e s u l t s  of experiment [8] i s  given i n  F igures  3-5. 

I n  t h e  experiments [5]  on m u l t i s l o t  and network i n j e c t i o n  of a coo lan t ,  
t h e  main stream a l r eady  over t h e  f i r s t  s l o t  had a c e r t a i n  dynamic and thermal 

t h e  coo l ing  of t h e  gas i n  t h e  boundary l a y e r  be fo re  t h e  working segment). 
The re fo re ,  dur ing  t h e  comparisons w i t h  t h e  c a l c u l a t i o n s  only those  experiments 
w e r e  t aken  i n  which t h e  th i ckness  of the energy loss due t o  t h e  i n j e c t i o n  
through t h e  s l o t s  g r e a t l y  exceeded the  i n i t i a l  t h i ckness  of energy l o s s  due 
t o  t h e  coo l ing  of t h e  main flow through t h e  w a l l  be fo re  t h e  f i r s t  s l o t  ( i . e . ,  
experiments  i n  which nms > 1 mm). 

I153 boundary l a y e r  ( i . e . ,  t h e r e  w a s  an i n i t i a l  t h i ckness  of energy l o s s  due t o  - 

It may be  seen from Figures  3-5 t h a t  t h e  c a l c u l a t i o n s  a r e  v e r i f i e d  by 

7 



t h e  experimental  d a t a  on t h e  m u l t i s l o t  cool ing  of a h e a t  i n s u l a t e d  w a l l .  

F igure  6.  Ef fec t iveness  of t h e  h e a t  p r o t e c t i o n  
0 as a func t ion  of K* dur ing  t h e  i n j e c t i o n  of 
a coolan t  through a t a n g e n t i a l  network wi th  
0 < W s / W o  <1; t h e  curves 1 and 2 r ep resen t  

c a l c u l a t i o n s  according t o  formulas ( 3 . 6 )  and 
( 3 . 7 ) ;  t he  po in t s  are experimental  [ 3 ] ;  h e r e  
h '  i s  t h e  number of open c u t  rows.) 

Experimental  d a t a  were a l s o  obtained [8] dur ing  t h e  i n j e c t i o n  of a coolan t  
through a network-like panel  i n  which t a n g e n t i a l  s l o t s  had been made (Fig.  1 , b ) .  

I n  t h i s  ca se ,  t h e  parameter K i n  t h e  formulas (3.5) t o  (3.7) is  reduced t o  
t h e  fo l lowing  formula which is  convenient f o r  p r a c t i c a l  a p p l i c a t i o n :  

K =;j\gcj'-~ a?As 

Here G i s  t h e  coolan t  flow r a t e  per u n i t  of s u r f a c e  width.  

When t h e  flow is  expressed i n  t h a t  form, t h e r e  i s  no need t o  determine 
s l o t s  equ iva len t  i n  dimension, as it  was done i n  t h e  work [ 8 ] .  
shown i n  F igure  6 ,  even i n  such apparent ly ,  complex cases, t h e  c a l c u l a t i o n s  
are v e r i f i e d  by experimental  d a t a  [ 8 ] .  

A s  i t  i s  
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